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Abstract

We investigate hydrodynamic instability of accelerating ionization fronts with two dimensional hydrodynamic
simulations. When recombination in the ionized region is turned off, Rayleigh-Taylor instability is effective. Per-
turbation grows up with classical Rayleigh-Taylor growth rate. In the case with recombination, the local difference
of absorption profile works to smooth the surface. The perturbation does not grow and the amplitude follows a

damped oscillations with time .

I. INTRODUCTION

Ionization fronts near massive stars which are re-
ferred to O- or B-stars have attracted considerable
interest due to their amazing shape. For example,
the Eagle Nebula has three famous pillars or elephant
trunks (1 2], Strong UV radiation from O, B-stars
buries into the molecular surface and photoevapora-
tion occurs in a very thin layer. As a result, an abla-
tion flow begins. A shock propagates into the molec-
ular cloud. Such an ionization or ablation front is
categorized as D-type. The site is also known as a
star formation region. Some young stellar objects and
Herbig-Halo jets are observed in the nebulal® 4. Tt is
important to study the formation of pillars to better
understand the nebula and star formation theory.

A number of theoretical works and numerical sim-
ulations to understand the formation of pillars have
been done so far. But this problem is still under dis-
cussion. Vandervoort [?] found instabilities of IF in a
non-accelerating frame. Axford 6] extended it with

the recombination case and concluded that recombi-
nation in the ionized gas works to smooth the sur-
face when the wavelength of the perturbation is much
larger than recombination length. Spitzer 7l pro-
posed a model of Rayleigh-Taylor instability. Williams
et al.l8 showed robust development of phtoionized
columns with an isothermal model.

II. BASIC EQUATIONS

We solve two dimensional hydrodynamic equations
with energy sources caused by radiative processes.
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where p is mass density, p is pressure, u is velocity
vector, € is specific internal energy, and n is volume
density of total hydrogen respectively. gre, Quy, and
Qmol are energy source terms due to recombination in
the ionized region, absorption of UV radiation from
O-stars, and cooling in the molecular gas. When a
shock propagates into the molecular gas, the gas is
radiatively cooled in a very short time scalel9).

Photoionization and recombination is considered
with the following equations,
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== NI )

where n; is ionized hydrogen volume density, f = n;/n
is ionization fraction, a = 6 x 107'8cm? is photoion-
ization cross-section of hydrogen, and J is the number
flux of ionizing photons which have the energy more
than the critical energy (13.6eV). We do not include
the recombination to ground state assuming diffuse
radiation and its absorption are balanced locally (on
the spot approximation). Only the case B recombina-
tion (ap = 2.6 x 107 Bem3s~! at T = 10*°K [10)) s
considered in this study. Energy sources are written
as:

Qre = (nf)QﬁBkBTa (6)

Guv = Wna(l — f)J, (7)

dmol = n?nol X 10_29erg cm_3s_1, (8)
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Nmol = n(l - f)/2 (10)

where T' is temperature, m,;, is proton mass, and kj
is Boltzmann constant. We use fpkyT instead of
(3/2)kyT" for the recombination cooling term to in-
clude the effects of the thermal velocity dependence
for the recombination and free-free coliisional cooling.
B = 1.25ap at T = 10* K10, 1t is assumed that
the averaged energy of the photon is (13.6 + W) eV
per photon from O stars. The energy W is deposited
to internal energy of the gas. The ionized region be-
comes isothermal quickly due to the energy balance
between these cooling and heating effect. We take
W = 1.73 x 10~!2 erg to have isothermal temperature
T = 10* K. The cooling term ¢, is effective with
40K < T < 3000K.

To close the equations we also solve the equation
of state:
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The first term in the right hand side is thermal pres-
sure and the second one is magnetic pressure. p,,, and
p,, are constant values. The index is also constant
Yy = 4/3(magnetic turbulence) or 2(initially uniform
magnetic field). This magnetic pressure is introduced
to prevent radiative collapse due to molecular cooling
when the shock heating occurs( L,
Then we get the sound speed,
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The hydodynamic equations are solved with a
Godunov-type scheme code. The numerical scheme
is the as same as used in Mizuta et al.[12], expend-
able to accept real gas equation of state is donel14.
Phtoionization and recombination in Eq. 4 and 5 are

solved implicitly at both half and full step[l?’}.

III. NUMERICAL CONDITIONS

We use two dimensional plane geometry (x-y). The
grid size is uniform (Az = Ay = 2.5 x 1073pc ~
7.5 x 10%cm which is still longer than the mean free
path of the incident photon for the molecular cloud).

Initially a quarter pc thick cloud is set 0.5pc away
from the boundary where incident photon is intro-
duced. The cloud has initial hydrogen number den-
sity n(H) = 10°cm™ and temperature 7 = 40 K.
A ionized gas is put between the boundary and the
cloud surface. The number density is n(H) = 10cm~3
and the gas is pressure matched with the molecular
cloud. Behind the cloud a dilute molecular gas is put
(n(H) = 10cm 3 and T' = 40K). Constant parameters
p,, and p,, are chosen as same as thermal pressure
and mass density of the initial molecular cloud. In
this paper we concentrate v,, = 4/3 case. The pho-
ton flux is parallel to y-axis and constant except for a
short imprinting period.All of the gaseous are at rest
at t = 0 when the radiative flux is turned on.

The dynamics is divided into three phases. At
first, an ablation flow begins and a shock propagates
into the molecular cloud (I). The velocity of the abla-
tion front is almost constant in this period. When the
shock breaks out the back side of the cloud a rarefac-
tion appears and proceeds to the ablation front(II).
Then the rarefaction arrives at the ablation front, and
the accelerating phase begins(III).

A perturbation is imprinted by photon number
flux for 10 kyr when phase III begins. The pertur-
bation is a 10% sinusoidal amplitude in photon num-
ber flux, namely, J = Jy(1 + 0.1cos(27z/))), where



Jo is constant photon number flux and A is wave
length. We studied three cases with different wave
length (A = 0.92,0.6, and 0.46 pc). We followed the
evolution at least until the ablation front propagates
the wavelength of the perturbation.

IV. RESULTS AND DISCUSSION
IV.A. Without Recombination

At first, we discuss the case without recombina-
tion, namely, agp = Bp = 0. Incident photon flux at
the boundary is |Jy| = 2.6 x 10%m~2s~!. Figure 1
shows incident photon number flux (solid lines) and
ablation front (f = 0.5) contour at ¢t = 340ky. The
absorption occurs in a very thin layer at the ablation
front because of the very short mean free path of pho-
tons and no re-absorption in the ionized gas. Figure 2
shows the time evolution of amplitude of perturbation,
where the amplitude is defined as the half thickness of
f = 0.5 contour. Three wavelength cases are shown.
The perturbation grows up in time in all cases and
the growth rate is in good agreement with classical
Rayleigh-Taylor theory[15] (the amplitude A is given;
A = Agexp(yt), where v = (kg)'/? is the growth rate,
k = 2w/ is wave number, and g is effective grav-
ity derived from a one dimensional simulation without
any perturbation. Atwood number is assumed to be
unity.)
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Fig.1 Photon number flux contour (solid lines), and
ablation front (f = 0.5) contour (dashed line) at
t = 340ky (without recombination case). Incident

photon flux is incoming from up side (at y=3pc) to

down side.
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Fig.2 Time evolution of log scale amplitude of
perturbation in each wavelength (without
recombination case).

IV.B. With Recombination

On the contrary, in the case with recombination,
the behavior of the imprinted perturbation is very
different. The photon number flux is increased to
|Jo| = 5 x 10 em™257! so that the effective gravity in
accelerating phase is almost as same as the one in case
without recombination. Figure 3 shows time evolution
of the amplitude in three cases. The perturbation does
not grow contrary to the case without recombination,
and the amplitude is oscillating.

We can understand the reason why the perturba-
tion does not grow as follows. Some of the ablated
material in the bubble region converges and a dense
region appears in the ionized gas near the ablation
front (Fig.4). This density profile causes the differ-
ence of the absorption profile near the ablation front
(Fig.5). In the dense gas the recombination rate is
high, and absorption of incident photons is enhanced.
The photon flux is larger around the spike, which is
strongly driven or rocket effect is strong. On the other
hand, incident photon is absorbed moderately around
the bubble and rocket effect is weaker. As a result, the
amplitude is reduced. Once the amplitude is reduced
muti-mode patterns appear and oscillate but do not
grow, contrary to the case without recombination.
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Same as Fig.2 (with recombination case).
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Fig.4 Log scale hydrogen number density contour at
t = 150ky with recombination case Number density
decreases away from the ablation front (see Fig.5).
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Fig.5 Photon number flux and ablation front contour
(same as Fig.1) at the same time of Fig.4 with
recombination case. Flux decreases from top to

bottom.

V. CONCLUSION

Instabilities in ionization front are discussed with
effective gravitation. The perturbation on the ioniza-
tion front grows in the case without recombination.
The growth rate is in good agreement with classical
Rayleigh-Taylor instability. When recombination is
turned on, which is the more realistic case, the dif-
ference of density profile causes a different absorption
profile. This works to smooth the surface. The per-
turbation does not grow and the amplitude oscillates
in time.
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